We have identified a unique human microtubule-associated protein (MAP) named ASAP for ASter-Associated Protein. ASAP localizes to microtubules in interphase, associates with the mitotic spindle during mitosis, localizes to the central body during cytokinesis and directly binds to purified microtubules by its COOHterminal domain. Overexpression of ASAP induces profound bundling of cytoplasmic microtubules in interphase cells and aberrant monopolar spindles in mitosis. Depletion of ASAP by RNA interference results in severe mitotic defects: it provokes aberrant mitotic spindle, delays mitotic progression, and leads to defective cytokinesis or cell death. These results suggest a crucial role for ASAP in the organization of the bipolar mitotic spindle, mitosis progression, and cytokinesis and define ASAP as a key factor for proper spindle assembly. mitosis D ivision of the cell requires coordination between chromosome segregation by a bipolar microtubule (MT)-based structure, the mitotic spindle, and cleavage of the cell by the cytokinetic apparatus. The transition from interphase to mitosis or meiosis is accompanied by a dramatic reorganization of the MT cytoskeleton. The assembly of bipolar spindles is preceded by the movement of centrosomes toward opposite poles of the cell, where these structures function as nucleation sites for MT polymerization (1-3). Spindle assembly and chromosome segregation require MT motor proteins including kinesin-like proteins and cytoplasmic dynein, nonmotor MT-associated proteins (MAPs) required for the regulation of MT dynamics and other molecules, including the small GTPase Ran involved in MT polymerization during mitosis (2, 3). Proper assembly and function of the bipolar spindle is essential for genomic stability (1), and identification of key factors involved in this process as well as knowledge of their regulation are crucial.
D
ivision of the cell requires coordination between chromosome segregation by a bipolar microtubule (MT)-based structure, the mitotic spindle, and cleavage of the cell by the cytokinetic apparatus. The transition from interphase to mitosis or meiosis is accompanied by a dramatic reorganization of the MT cytoskeleton. The assembly of bipolar spindles is preceded by the movement of centrosomes toward opposite poles of the cell, where these structures function as nucleation sites for MT polymerization (1) (2) (3) . Spindle assembly and chromosome segregation require MT motor proteins including kinesin-like proteins and cytoplasmic dynein, nonmotor MT-associated proteins (MAPs) required for the regulation of MT dynamics and other molecules, including the small GTPase Ran involved in MT polymerization during mitosis (2, 3) . Proper assembly and function of the bipolar spindle is essential for genomic stability (1) , and identification of key factors involved in this process as well as knowledge of their regulation are crucial.
To ensure high-fidelity DNA transmission during cell division, both chromosome segregation and cytokinesis must be tightly coordinated. Cytokinesis is accomplished by the contraction of an acto-myosin ring that leads to daughter cell separation at the midbody (4) . A number of studies have suggested that the temporal and spatial organization of the cytokinetic machine is under the control of the mitotic spindle (5) . The spindle midzone composed of highly bundled MTs, originating from the opposite poles, plays an essential role in the initiation and completion of cell cleavage, and is the binding site for a number of proteins that play a part in cytokinesis (6) . Among these proteins are passenger proteins (7) (8) (9) , protein kinases (10) , MT motor proteins (11, 12) , and MAPs (13) . However, the mechanism of central spindle assembly, the molecular basis for maintenance of the midzone MT bundle and the functional roles of these midzone-associated proteins are still largely unknown. Thus, identification of previously undescribed factors involved in both mitosis and cytokinesis may shed light on these different mechanisms.
In this paper, we report the identification of ASAP, a unique human MAP with no significant homology to proteins of known function, that directly binds to MTs. ASAP colocalizes with MTs in interphase, becomes associated with the mitotic spindle and spindle poles, and localizes to the central body and the residual body during late mitosis and cytokinesis, respectively. We show that its overexpression impedes the formation of a normal bipolar mitotic spindle. We demonstrate that ASAP is an essential factor for successful completion of mitosis, as depletion of ASAP from cells by RNA interference delays mitotic progression and results in a defective cytokinesis or cell death. Thus, we identified a vertebrate spindleassociated protein required for spindle function, mitotic progression, and cytokinesis.
Materials and Methods
Cloning of ASAP cDNA. A partial cDNA clone coding for the human ASAP was obtained from the I.M.A.G.E. Consortium (RZPD, Berlin) and fully sequenced on both strands. Because no stop codon was found, we performed successive RACE by using Marathonready cDNA from human fetal brain (Clontech) and oligonucleotides corresponding to the 3Ј region of the cDNA (FIS-2F: 5Ј-TCAGCAGACCATGTGACTAC-3Ј, then FIS-5F: 5Ј-TAGCA-TCATTTGAGGCCTGG-3Ј). A 750-bp fragment was amplified, subcloned into the TA cloning vector (Invitrogen), and sequenced. This fragment contained a stop codon (TGA) in-frame with the rest of the ORF. In parallel, an EST analysis using the programs of the Wellcome Trust Sanger Institute (www.ensembl.org͞genome͞ central) and the BLAT search program (http:͞͞genome.cse. ucsc.edu) was performed. Three overlapping ESTs were found, with one clone 380 bp longer than the clone isolated by RACE-PCR. A full cDNA clone was reconstructed by PCR and cloned into a TOPO-TA cloning vector.
Cell Culture and Transfections. HEK-293 and U-2 OS cells were routinely grown in DMEM (GIBCO͞BRL) supplemented with 10% FCS, 0.3 g͞liter L-glutamine, 0.05 g͞liter streptomycin, and 50,000 units͞liter penicillin. Transient transfections were carried out by using JetPEI (QBiogene).
␣-tubulin (Sigma), centrioles (GT-335), and rabbit polyclonal antibodies to ␥-tubulin (Sigma) and survivin (R & D Systems) were used at dilutions 1:1,000, 1 :10,000, 1:1,000, and 1:200, respectively. Nocodazole and Hoechst dye 33258 were purchased from Sigma.
Immunofluorescence and Microscopy. Cells were fixed for 4 min in methanol at Ϫ20°C or in 4% paraformaldehyde (PFA) at room temperature for 10 min followed by permeabilization in 0.1% Triton X-100. In some cases, for a better visualization of MT cytoskeletons, cells were fixed in 3% PFA͞0.25% glutaraldehyde, extracted in 0.2% PHEM-Triton X-100 before cold methanol fixation, or prefixed with DSP before extraction and fixation in DSP-PFA as indicated in ref. 14. Fixed cells were incubated for 1 h at 37°C with the primary antibody, and 30 min at 37°C with the secondary antibody. Fluorochromes were Alexa Fluor 488, Alexa Fluor 546, and Alexa Fluor 594 dyes (Molecular Probes). Cells were mounted and observed at room temperature on a Leica DMRA2 fluorescence microscope or on a Leica TCS SP2 confocal microscope. Images were acquired respectively with the METAVUE or LCS LEICA confocal software and manipulated with PHOTOSHOP (Adobe Systems, San Diego).
Western Blotting. Cells were washed with PBS and scraped in lysis buffer (50 mM Tris, pH 8.0͞120 mM NaCl͞5 mM EDTA͞0.5% Nonidet P-40) supplemented with 1 mM DTT and a protease inhibitor mixture tablet (Roche Diagnostics). Total proteins transferred to filters were detected by various antibodies and visualized by enhanced chemiluminescent reagents (ECL ϩ , Amersham Pharmacia).
Generation and Affinity Purification of Polyclonal ASAP Antibodies.
Polyclonal rabbit serum to the full-length human protein or to the C-terminal-deleted protein (ASAP-⌬CTer, amino acids 1-420) were raised against the corresponding GST fusion protein purified from bacteria Escherichia coli BL21RP ϩ . The antibodies were affinity purified on a GST column followed by a GST-ASAP fusion protein affinity column. Antibodies were routinely used at 1:500 for immunofluorescence and 1:10,000 for Western blots.
Microtubule-Binding Assays. GST-ASAP or GST-ASAP-⌬Cter (1 g͞l) were incubated for 30 min at room temperature in BRB80 buffer (80 mM K-Pipes͞1 mM MgCl 2 ͞1 mM EGTA) with 5 M taxol-stabilized tubulin or buffer (input). The reaction was then centrifuged for 30 min at 37°C through a 40% glycerol-BRB80 cushion at 50,000 ϫ g to separate MT-associated from soluble proteins. The same experiment was done by using various concentrations of tubulin to determine the dissociation constant. Percentage of ASAP bound to MTs was quantified by using the IMAGEJ freeware (National Institutes of Health), and results were plotted by using the saturation binding curve of PRISM (GraphPad, San Diego) to determine the K d .
Small Interfering RNA (siRNA) Oligonucleotides and Transfection. For ASAP siRNA, the following target sequence was used: 642 CGC-CGAAUGGCAUACAAUU 660 . Duplexes were transfected either once or twice 24 h apart in U-2O S cells by using Oligofectamine (Invitrogen) in accordance with the supplier's recommendations. Cells were collected 24, 48, or 72 h after transfection. In some cases, cells were synchronized by double thymidine block and transfected as described (9) . A scrambled siRNA of ASAP (5Ј-CAAGUUACGCGGUUACCAAUU-3Ј) was used as a control. An ASAP mutant not responsive to the siRNA was obtained by changing the coding sequence of the FLAG-ASAP construct by PCR-based mutagenesis within the siRNA-targeted sequence at two wobble bases, without affecting the encoded amino acids. For movies, U-2 OS cells were treated as described above. Four hours after the transfection, cells were followed by time-lapse microscopy. Synchronized and siRNA-transfected U-2 OS stably expressing H2B-GFP were followed upon the first round of mitosis, 12 h after release. Phase contrast, differential interference contrast, or fluorescent image data sets were collected every 5 min for 24-36 h.
Results

Molecular Characterization of ASAP.
In the course of a screen to identify new proteins implicated in intracellular traffic, we isolated a human sequence that shows Ϸ22% sequence identity over 250 aa of its C terminus with human MAP1A, but no significant homology with any other known proteins. No full-length human cDNA sequence was available in public databases, probably because of a dA-rich region in its 3Ј end. We cloned a full-length human cDNA sequence, using a combination of partial ESTs and 3Ј RACE-PCR strategy. The cDNA contains a single ORF of 2,361 bp predicted to encode a protein of 647 aa with a molecular mass of Ϸ75 kDa and an isoelectric point of 8.9. Based on the currently compiled genome sequence, the human gene is encoded by 13 exons and is located on chromosome 4q32. The encoded protein was named ASAP (see below). Database searches with either the nucleotide or the predicted protein sequences did not identify any known protein that shares global homology. However, BLAST searches identified a conserved potential homologue from mouse (mASAP, 647 aa, 75% sequence identity) and few partial Xenopus ESTs (Ϸ55% identity). No clear homolog could be identified in invertebrates. ASAP contains two potential nuclear localization signals, two predicted coiled-coil domains (amino acids 297-327 and 477-628), and a number of predicted phosphorylation sites, but no other identifiable functional motifs.
To investigate the possibility that ASAP functions as a MAP, we raised polyclonal antibodies against both the full-length protein, anti-ASAP, and the truncated form deleted in the MAP coiled-coil domain, anti-ASAP-⌬Cter. Both affinity-purified antibodies recognized a single protein band of Ϸ110 kDa in HEK-293 or U-2 OS cells, showing a higher molecular weight than the predicted. This difference may be partially accounted by posttranslational modifications and͞or conformation issues. The specificity of the antibodies was assessed by comparing these profiles to that observed with the anti-FLAG antibody against FLAG-ASAP-transfected cells (Fig. 1A ). Further immunofluorescence analyses on endogenous or overexpressed ASAP experiments were always done in parallel on two cell lines: HEK-293 and U-2 OS. The main phenotypes were observed in both cell lines.
ASAP Is a MAP. We next analyzed the subcellular localization of endogenous ASAP. Unfortunately, the four antibodies generated against ASAP or ASAP-⌬CTER gave a significant background in immunofluorescence studies. The same ASAP localization was observed by using several fixation methods. Cells directly fixed in PFA showed more integer ASAP and that MT integrity was affected, whereas the contrary was observed with the other fixation methods. Because of looking at the subcellular localization of ASAP, we chose to use PFA fixation. Immunofluorescence studies in PFA-fixed cells costained for ASAP and ␣-tubulin demonstrated that, in interphase, endogenous ASAP localizes to the cytoplasm in a filamentous-like pattern, suggestive of binding to MTs. ASAP undergoes dramatic redistribution during mitosis. It first relocates to the poles at the astral MTs (based on this localization, we named the protein ASAP for ASter-Associated Protein) and the spindle during prometaphase, metaphase, and early anaphase, then to centrosomal MT asters and the central spindle during anaphase and early telophase. During late cytokinesis, ASAP colocalizes with the midzone MT bundles when it is also located on MTs nucleated from centrosomes. Confocal analysis of cells costained for ASAP and ␣-tubulin shows colocalization with interphase, mitotic, and midzone MT arrays (Fig. 1B) .
Immunofluorescence studies suggested that ASAP is expressed constitutively during the cell cycle. We confirmed this observation by monitoring the protein expression throughout a synchronously growing population of U-2 OS (data not shown).
Coimmunolocalization of ASAP with the MT network in interphase and mitosis prompted us to suggest that ASAP might be a MAP. Sequence analysis suggested that the C terminus of ASAP might contain the MT-binding domain. We studied whether ASAP or ASAP-⌬Cter interacts with pure prepolymerized MTs in a sedimentation assay. A purified recombinant GST-ASAP fusion protein copelleted with taxol-stabilized MTs, indicating that ASAP binds directly to MTs. Deletion of the C-terminal domain strongly reduced the ability of ASAP to copellet with MTs ( Fig. 2A) . To check that endogenous ASAP behaved similarly, a cosedimentation assay was also performed by using whole cell lysates and Taxolstabilized MTs. A substantial portion of endogenous ASAP was found in the pellet fraction associated with polymerized MTs (data not shown). To estimate the affinity of ASAP for MTs, ASAP was incubated with different concentrations of MTs. Plotting bound ASAP versus the MT concentrations yielded an equilibrium dissociation constant of Ϸ1 M (the tubulin concentration required to bind 50% of ASAP; Fig. 2B ), indicating MT binding with a moderately high affinity. Overall, these results demonstrate that ASAP colocalizes with, and directly binds to, MTs via its MAP C-terminal domain.
To study the effect of gain of ASAP functions, full-length EGFP-(C terminus)-, EYFP-(N terminus)-, FLAG epitope-(N terminus)-, or MYC epitope-(N terminus)-tagged versions of ASAP were overexpressed in HEK-293 and U-2 OS cells. By Western blot, EGFP or EYFP constructs were expressed at Ϸ135 kDa and FLAG or MYC constructs were expressed at Ϸ110 kDa (Fig. 2C) . All four recombinant proteins showed similar intracellular patterns. ASAP-⌬Cter was coupled either to EYFP (N terminus) or EGFP (C terminus). The two constructs expressed the proteins at the expected sizes and at similar levels as assessed by Western blot analysis (Fig. 2C) .
As observed for the endogenous protein, overexpressed ASAP localized to the cytoplasm in a filamentous-like pattern in interphase, and to both half spindles in mitotic cells. Colocalization of ASAP and MTs was confirmed in interphase and metaphase by costaining the cells with an anti-␣-tubulin antibody. ASAP overexpression induced a striking formation of thick, perinuclear rings of MTs (more important in the U-2 OS cell line), suggesting a function in MT network organization. ASAP and ␣-tubulin colocalized to these rings (Fig. 2D) . Similar bundled rings have been observed after overexpression of other MAPs in mammalian culture cells (13, 15, 16) . When ASAP-⌬Cter was overexpressed, the fiber-like distribution of ASAP was lost in interphase. This overexpression does not promote MT bundling, suggesting that this property requires the MT binding domain (Fig. 2D) . Thus, when overexpressed, ASAP has the capacity to rearrange and stabilize MT arrays. To test this hypothesis, we determined whether ectopic expression of ASAP can protect MTs from depolymerization by nocodazole. U-2 OS cells expressing either EGFP or EGFP-tagged ASAP were analyzed by immunofluorescence. GFP did not affect nocodazole-induced MT depolymerization. In contrast, bundled MTs were extremely stable in EGFP-ASAP transfected cells, and did not depolymerize in the presence of high doses of nocodazole (Fig. 2E) . These results suggest that ASAP can stabilize MTs in vivo.
Both overexpressed exogenous protein and endogenous ASAP colocalize with interphase and mitotic MTs. Thus, ASAP fulfills the criteria of a bona fide MAP that associates, reorganizes and stabilizes MTs.
Overexpression of ASAP Leads to Monopolar Spindle Formation. One of the main consequences of the overexpression of ASAP was that it prevented many cells from completing cytokinesis (Fig. 3) . In HEK-293 cells, we observed an increase in both the appearance of multinucleated cells (Ϸ12% of the transfected cells) and the mitotic index (Ϸ24% in transfected cells versus Ϸ8% in nontransfected control cells). Among these mitotic cells, 76% displayed one large MT aster (monopolar spindle) emanating from a single organizing center ( Fig. 3 A and B) . Bright circular filaments that resemble stabilized MT observed in interphase surrounded some of these monopolar spindles (Fig. 3A Upper) . ASAP appeared to be more restricted to the center of the astral MTs, i.e., toward the minus end of the MTs (Fig. 3A Lower) . A few mitotic cells containing multipolar spindles were also observed. Overexpression of ASAP in U-2 OS cells also resulted in an accumulation of cells in mitosis with a comparable proportion of cells with monopolar spindles (Ͼ70%), but fewer multinucleated cells were observed. FACS analysis of ASAP-transfected U-2 OS cells showed Ϸ40% in G 2 ͞M compared to 17% in the mock control (data not shown). We then immunostained ASAP and the GT335 antigen, a well characterized marker of centrioles, by using a monoclonal antibody directed against glutamylated tubulin (17) . Multinucleated cells showed centrosome amplification suggestive of cytokinesis failure (Fig. 3C) . Moreover, each MT aster (in monopolar or multipolar spindles) always contained several centrioles. Monopolar spindles frequently con- tained four centrioles. A ␥-tubulin staining revealed the presence of two centrosomes (data not shown). These results indicate that the centrosome had clearly duplicated, but had failed to separate sufficiently to form a bipolar spindle (Fig. 3C) . Thus, overexpression of ASAP inhibited centrosome separation leading to monopolar spindle formation and cytokinesis defects. Interestingly, the truncated form of ASAP lacking the MT-binding domain failed to induce these phenotypes, indicating that binding to MTs is a prerequisite. These data provide evidence that overexpression of ASAP can interfere with mitotic progression in human cells as it is generally observed with any factor that disrupts normal spindle assembly, and confirms that ASAP is a MAP.
Finally, overexpression of mouse ASAP produced the same phenotype as human ASAP. The same mitotic defects were observed by overexpressing mouse ASAP in the nontransformed mouse NIH 3T3 cell line (data not shown).
Depletion of ASAP by RNA Interference Delays Mitotic Progression
and Causes Failure of Cytokinesis. To gain deeper insight into the function of ASAP in mitosis, gene silencing siRNA was used in the U-2 OS cell line. Cells were transfected once or twice 24 h apart with ASAP siRNA and observed for 24-72 h. The phenotype observed 48 h after a double dose of siRNA was the same as that observed 72 h after a single dose. Starting 24 h after the single transfection, the level of ASAP protein was reduced by at least 90% as shown by Western blot and immunofluorescence analyses, suggesting that ASAP was almost completely depleted in most cells, whereas ␣-tubulin was unaffected. Mock or scrambled siRNA control transfections did not affect the expression of ASAP (Fig. 4  A and B1) . After 24 h, the percentage of fixed mitotic cells was higher in ASAP-depleted cells than in the control (15% versus 11%), it was approximately the same after 48 h (14.7% versus 14%) and significantly lower after 72 h (2.5% versus 8%). This difference could reflect the fact that depletion of ASAP is lethal, resulting in the detachment and loss of many transfected cells. Indeed, compared to the controls, ASAP-depleted transfections showed a significant reduction in cell number after 24 h, and very few viable cells were detected after the last time point (Ϸ80 h after transfection). The interphase ASAP-depleted cells presented an apparently normal MT network. However, Ϸ68% of ASAP-depleted cells (versus 7.5% in the control) showed abnormal spindles, frequently associated with an altered pattern of chromosome alignment in metaphase (Fig. 4B) . However, a prominent failure in cytokinesis was observed in ASAP-depleted cells, as shown by staining for survivin, a marker of the mid-body during telophase͞cytokinesis (Fig. 4C and Fig. 5A , which is published as supporting information on the PNAS web site). We observed a cytoplasmic bridge of ␣-tubulin remaining between the two daughter cells. The presence of this cytoplasmic bridge was confirmed by an observation of the cells under white light (Fig. 5A3) . We used the survivin-positive cells to score for telophase͞cytokinesis, assuming that the survivinnegative cells (but those with a long cytoplasmic bridge) had aborted cytokinesis and returned to interphase (data not shown). To prove that the phenotypes observed after ASAP-siRNA were indeed caused by specific knockdown of the ASAP protein, we performed a rescue experiment by cotransfecting a vector expressing an ASAP cDNA containing two silent mutations within the ASAP sequence recognized by the siRNA (ASAP-SIL). When cotransfected with the ASAP-siRNA, ASAP-SIL labeled aster (Fig. 4B1 ) and cytoplasmic MTs (data not shown). About 10.5% of cells showed abnormal spindles (Fig. 4B2) , and Ϸ8% were observed in cytokinesis after 72 h, demonstrating the restoration of normal function (Fig. 4C2) .
The other main feature of ASAP-depleted cells was an accumulation in prometaphase͞metaphase mitotic cells observed in the first round of mitosis after release of synchronized transfected cells or after 24 h (see below).
Knockdown of ASAP also altered nuclear morphology in interphase cells: 26% of ASAP-depleted cells displayed smaller and invaginated or deformed nuclei (Fig. 5C ) as well as mininuclei (data not shown). ␥-tubulin staining of ASAP-depleted cells revealed no abnormal centrosome number (data not shown).
Preliminary time-lapse experiments revealed that ASAPdepleted cells were severely delayed during mitosis. We determined that 80% of ASAP-depleted cells are delayed in mitosis for three times longer than control, whereas the remaining 20% of ASAPdepleted cells do not divide for Ͼ10 h (against 49 min in control cells; Fig. 6A and Movie 1, which are published as supporting information on the PNAS web site). These prolonged mitosis eventually aborted and resulted in cellular death for about one-third of ASAP-depleted cells and was often accompanied by multiple membrane protrusion (blebbing) typical of dying cells (18) . Other ASAP-depleted cells were clearly failing cytokinesis. To investigate the effects of ASAP depletion on mitotic chromosome dynamics, we examined synchronized U-2 OS cells expressing histone H2B-GFP and treated by ASAP siRNA. None of the 17 cells followed by time-lapse completed mitosis normally. We observed prolonged prometaphase and metaphase. Cells were unable to align their chromosomes on a normal metaphase plate, then underwent multipolar anaphase and͞or defective chromosome segregation (Figs. 4D and 6 B-D and Movies 2-6, which are published as supporting information on the PNAS web site) leading to cell death. None of the 15 observed control cells exhibited any of these defects and all exited mitosis normally. This failed mitosis could explain the defects in nuclear morphology observed by immunofluorescence.
Discussion
Here, we describe the characterization of ASAP, a human protein that defines a unique family of vertebrate MAPs. Native and recombinant ASAP bind to MTs via the C-terminal domain. ASAP colocalizes with MTs at all stages of the cell cycle, strongly suggesting that this protein might play a role in the regulation of MT dynamics and in the stabilization of the MT network during both mitosis and interphase.
Three phenotypes have been clearly observed when the level of ASAP protein was perturbed. (i) In interphase, overexpression of ASAP induces the formation of thick bundled MTs resistant to depolymerization by nocodazole. This observation suggests that ASAP possesses strong stabilizing effect on MTs, like some other cytoplasmic and mitotic MAPs (19) .
(ii) The most striking phenotype observed after ASAP overexpression is an increased mitotic index. An excess of ASAP gives rise to multipolar and mainly monopolar spindles with grouped centrosomes indicating that the protein is required for bipolar spindle assembly. How and when ASAP is needed remains to be clarified. Defects in the mechanisms involved in separation or maturation of centrosomes can lead to mitotic monoaster of MTs. If the two daughter cells cannot separate, they often generate binucleated cells that will also give rise to multipolar and monopolar spindles in the next mitosis. Several mitotic protein kinases [for example Cdk1 (20) , Nek2A (21), Polo (22) , and Aurora A (23) ] are involved in the control of such mechanisms and can lead to similar phenotypes when deregulated. The phenotypes observed could then reflect either a defect of ASAP regulation by such kinase(s) or the fact that ASAP overexpression dominantly perturbs the normal activity of one of these regulatory kinases.
(iii) The predominant early consequence of ASAP depletion is cell death, probably induced by the accumulation of mitotic defects. Time-lapse analysis of ASAP-depleted cells showed that ASAP is required for successful passage through mitosis. In the absence of ASAP, cells show abnormal spindles and a mitotic delay (mitosis lasts at least three times longer in cells lacking ASAP than in control cells). It is precisely the progression through prometaphase͞ metaphase that is prolonged, and this correlates with chromosome congression defects followed by chromosome segregation defects. In fact, many cells do not survive this defect; most of them were found dead after ASAP siRNA treatment. Some cells survive this prolonged mitosis but fail cytokinesis as observed later on fixed cells and time-lapse experiments. Either they eventually exit mitosis by escaping the checkpoints (''mitotic slippage'' process; ref. 24 ) and the phenotype observed indicates that ASAP is also required for cytokinesis, or they contain sufficient residual ASAP to manage to pass through mitosis but eventually fail cytokinesis. Although most reported examples of cytokinesis failures involve furrow regression and cell binucleation sometimes inducing cell death, there are a few examples of abortive cytokinesis in which daughter cells remain connected by bridge-like cytoplasmic structures like those found in ASAP-depleted cells (e.g., siRNA-annexin depleted cells; ref. 25 and references therein). Coordination of cytokinesis with chromosome congression and segregation is critical for proper cell division. It remains to be clarified whether the cytokinetic defects are a direct effect of ASAP depletion or an indirect consequence of the chromosome congression and segregation defects.
Taken together, our data demonstrate that ASAP is a vertebrate MAP that stabilizes interphase MTs and plays a key role in mitosis. Although gain of function (overexpression) and loss of function (depletion) of ASAP give rise to different phenotypes, they are both complementary and strongly indicate that ASAP plays a crucial role in bipolar spindle assembly, mitosis, and cytokinesis. Consequently, the level of ASAP protein must be tightly regulated in the cell. The mitotic events in which ASAP is involved are essential to ensure accurate chromosome segregation and genome stability. The mitotic defects observed in cells overexpressing ASAP are often seen in tumor cells. Moreover, ASAP depletion induces delay in mitosis followed by a subsequent cell death. Thus, ASAP is an attractive target for drug design in cancer therapy.
